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Single laser pulses at 9455 c m " 1 can generate spectra out to 30 000 c m " 1 without self-
focusing. Experimental data for water are explained by primary and secondary stimulat-
ed four-photon processes. 
Recently, processes involving resonant e n -
hancement of the th i rd-order nonlinear suscepti -
bility x^3) have received increasing attention. 
Four-photon frequency mixing has been studied 
with optical transitions in c rys ta ls 1 and in gases. 2 
In these investigations advantage is taken of the 
terms of x^3) which contain difference frequency 
resonances (Raman type). 
In this Letter we report on the observation of 
intense short-wavelength radiation when a single 
pulse of picosecond duration traverses an i s o -
tropic medium. Single-frequency resonances of 
X ( 3 ) are responsible for the v e r y high gain of the 
four-photon emiss ion observed in the forward 
di rec t ion . 3 T h i s type of resonance has been ne-
glected in the past on account of the large i n f r a -
red absorption at the idler frequency. We believe 
that our data give the f i rs t quantitative c o m p a r i -
son between a broad-band stimulated parametric 
process and the frequency dependence of x^3) due 
to various single (infrared) resonances of the 
mater ia l . In addition, our investigations shed 
new light on the problem of "superbroadening" 
discussed recently by several authors. 4 
In this note we concentrate on investigations of 
water . 5 Water was chosen for the following r e a -
sons: (i) The gain for stimulated Raman scatter-
ing is s m a l l in water 6 ; single resonant processes 
are studied without appreciable contribution of 
Raman susceptibili t ies , (ii) The nonlinear index 
of refraction n2 of water 7 is known to be s m a l l . 
In this way the threshold for self - focusing is high 
(r t h>10 1 2 W / c m 2 in our investigations) and the f r e -
quency broadening due to self-phase modulation 8 
is negligible (AT>^6 c m " 1 at 10 1 1 W / c m 2 ) . 
In our experiments single pulses were cut f r o m 
trains of a mode-locked N d - g l a s s l a s e r . 9 The 
single pulses have a duration of AtL & 6 psec; 
they were bandwidth l imited ( A ^ ^ 3 cm" 1 ) with 
a peak intensity I0L% 1.5x 10 1 1 W / c m 2 . Investiga-
tions of the intensity distribution over the c ross 
section of the laser beam were made at the exit 
window of the c e l l (length 2 cm); no effects due 
to self - focusing were observed at the input i n -
tensities discussed here. Measurements of the 
angular distribution revealed that the short-wave-
length radiation occurred in the forward d i r e c -
tion with a s m a l l angle of divergence (26 & 4 x l 0 " 2 
rad). The polarization of the generated radiation 
was found to be p a r a l l e l to the polarization of the 
laser light. Qualitative information of the e m i s -
sion was obtained with spectrographs. A more 
detailed study of the spectra was made with a 
double monochromator (wavelength resolution 
33 A ) in conjunction with calibrated phtomulti-
p l i e r s . The energy conversion per frequency i n -
terval was measured as a function of input peak 
intensity IQL for forty frequencies. A s an e x a m -
ple, experimental data are presented for three 
frequencies i n F i g . 1. Two points should be not-
ed here: F i r s t , the rapid r i se in energy conver-
sion of 7 orders of magnitude within a s m a l l i n -
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FIG. 1. Energy conversion rj of laser emission {vL 
= 9455 cm"1) into short-wavelength radiation at v2. The 
curves below t) = 10"8 are calculated for P^* 13 700 and 
14 900 cm" 1 with X' 3 ) values taken from Fig. 4. 
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FIG. 2. Experimental energy conversion r\ versus 
signal frequency P*3 for four laser input peak intensities: 
a, IX i o 1 1 ; 6, 5X10 1 0; c, 3 X 1 0 1 0 ; dt 2X10 1 0 W/cm 2 . 
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FIG. 3. (a) Absorption coefficient a (Ref. 12) and re-
fractive index n of water, (b) Noncollinear phase-
matching angle <p(rad) and collinear phase mismatch 
Ak for the interaction WL+W2,-^W 3+W 4 . 
terval of input intensity; the situation is most 
drastic for y3 = 14 900 c m * 1 , indicating an a m p l i -
fication process of large gain. Second, at input 
peak intensities exceeding 5 x l 0 1 0 W / c m 2 the ener-
gy conversion saturates with s i m i l a r values for 
the three frequencies. In F i g . 2 the energy con-
vers ion is depicted over the frequency range 
f r o m 10 800 to 20 000 c m " 1 ; four curves for d i f -
ferent input intensities are presented. F o r I0L 
^ 5 x l 0 1 0 W / c m 2 a s tr iking structure of the spec-
tra is clearly vis ible . These spectra and their 
input dependence can be explained by the s ingle-
photon resonance structure of x ^ X - c ^ c i ^ , ^ , - o u 4 ) 
of water. The flat spectrum at IQL 10 1 1 W / c m 2 
extends out to 30 000 c m " 1 ; it is determined by 
saturation effects in the center of the beam and 
by secondary parametric processes (see below). 
F o r a quantitative explanation of our observa-
tions we have calculated the stimulated paramet-
r ic four-photon interaction for very general con-
ditions: finite bandwidth Aw of the pump pulses, 
phase mismatch Afe = k% +k2 - k3 - k4i and absorp-
tion at signal and idler frequencies of a3 and a 4 , 
respectively. In E q . (1) the quantities Afe, a 3 , a 4 , 
and x ( 3 H - 0)3,0)! ,co 2 ) - o>4) and the spectral intensi-
ties e ( c ü 3 , e ) and C((JÜ4,Z) (energy per c ross sec -
tion and wave number) are average values over 
Aco. A s s u m i n g no depletion of the pump we f i n d 1 0 
G 
A (1) 
where 
G _ 1 0 2 4 * V a u / « , 
nxn2n3n4cA * 
y = 0 .25[a / + 4(Gx 2 - Afe2 + iAk ad)]v\ 
X = Xxxxx(3) ( - Ws>Wi»wa, - w 4) = x '+ iXMl 
Ioi and are the peak intensities of the pump 
pulses centered at cox and co2. a = ( a 3 + a 4 ) /2 , ad 
= a 4 - a 3 , and € 4 = e(o)4,0). 
In the p r i m a r y parametric process we have wL 
.+ o)L - co3 + co4. The initial conditions are e (o>3,0) 
= 0 for the signal and quantum noise for the i d l e r 1 1 
(primary process) . A c c o r d i n g to F i g . 3(a) the ab-
sorption coefficient 1 2 is s m a l l at the signal f r e -
quencies cx)3 >ojL but very large for certain idler 
frequencies co4. F igure 3(b) illustrates the phase-
matching situation. Large phase-matching an-
gles are required for Afe = 0 over a considerable 
part of the spectrum. (Note the large walk-off 
angle of the idler. ) Experimentally, the short-
wave radiation was found within a s m a l l angle in 
the forward direction. A s a result, we have to 
consider a (collinear) mismatch Afe over a con-
siderable frequency range. Fortunately, the 
large values of x ( 3 ) and of I0L make strong a m p l i -
fication possible in spite of substantial values of 
Ak and « 4 . 1 3 
The nonlinear susceptibility x^3) consists of 
terms with s ingle- and difference-frequency (Ra-
man-type) resonance denominators . 1 4 * 1 5 x"~Xr" 
+ X R " and X ' = Z>XNR + X / ' + X R ' are written as follows: 
•JUL. 2 + S X R . A 
'Cü 1+Ct> 4 U) 
•••. • • • • • + 
i we t-(i)4) +r 0 | 
X ' ^ X N R ^ X / / * ^ ^ 
where |g") and |Ci>, |ö y) denote the ground and excit -
ed states of the mater ia l , respectively; u)C{ and 
u)bj are the corresponding resonance frequencies, 
and r c . and Tbj are the half-widths of the r e s o -
nances. The s m a l l frequency dependence of the 
quantity K is neglected in our calculations. D is 
6 for 
tüiT^ci>2 and 3 for Wi — CÜ2» The nonresonant 
t e r m 1 5 XNR and * n e Raman t e r m s 6 XR" have been 
the subject of previous investigations. The f r e -
quency-dependent X / ' t - aJs jCu^o^f-fcO is taken to 
to be proportional to the absorption spectrum 
a(o>4) by assuming (ci\x3\g) to be proportional to 
(ci\x\g).ie Knowing the absolute values of XNR> 
X R ; / , and XR [Eq. (3)], the relative frequency d e -
pendence of X / " , and the relation between xi" and 
X / [Eq. (3)], we calculated the absolute values of 
X / " and X / ' using experimental data around v3 
= 15000 c m " 1 [Eq. (1)]. Because of s e v e r a l a p -
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FIG. 4. Nonlinear susceptibility of water, 
(a) Imaginary parts x/ ' and X R " ; X I " is obtained from 
the absorption spectrum ot. (b) Beal part x' = 3x NR + X / 
+ XR' I X N R - 2X 10"1 4 cm 3 /erg (Ref. 15)]. The curve is 
calculated [Eq. (1)] by fitting to experimental data 
around £3 = 15 000 c m " 1 . Open circles, experimental 
points. 
proximations in the calculation of x , the absolute 
values may be accurate within a factor of 2 only. 
In F i g . 4(a) we present x R " and Xr" and i n F i g « 
4(b), x' = 3X N R + XR' + X J ' - The points in F i g . 4(b) 
correspond to the experimental data of F i g . 2 
<J0L < 5 x l 0 1 0 ) . Note the good agreement between 
experiment and the frequency dependence of x ' 
over a frequency range of 8000 c m " 1 . In p a r t i c u -
lar , the minima in the energy-conversion curves 
in F i g . 2 are fully accounted for by the maxima 
of x/' at i>3 = 18250, 17250, and 15600 c m * 1 (x' 
0) and by the change in sign of x / at v2 = 17 650 
and 16 800 c m " 1 . We feel that this result is con-
vincing evidence for the importance of s i n g l e - f r e -
quency resonances of x ( 3 ) . It is interesting to 
see the effect of the Raman susceptibility at 
12 900 c m " 1 , where a m i n i m u m is observed in 
F i g . 2 (inverse Raman effect). 
In F i g . 2 the energy conversion for I0L > 5 x l 0 1 0 
W / c m 2 is found to be 77^ 2 x l 0 " 7 / c m " 1 . C o n s i d e r -
ing the large spectral range of approximately 
25 000 c m " 1 we estimate a total energy conver-
sion of 7]TOT & 5 x l 0 " 3 . On account of the large 
gain values observed in F i g . 1, the energy con-
vers ion w i l l be large where IL is high, i .e . , in 
the center of the pulse. Calculations indicate 
that only approximately one fifth of the beam d i -
ameter contributes to the radiation at u3 when T? 
approaches saturation. Under these conditions 
the peak intensity of the generated radiation 
(l<**ntqtIaLdL2ML/d2M2) i s of .the same m a g n i -
tude as I0L. 
The intense light pulse discussed above acts as 
a broad-band pump (a>2) for secondary processes 
of the f o r m uL +u2~o>3 +o>4.17 V e r y short f r e -
quencies at o; 3>2aj L are generated ( C O 2 > O J X , CO 4 
<ioL) and frequency components are produced 
which smooth the spectral distribution of the p r i -
mary process (e.g., at minima of F i g . 2). A s a 
brief example we consider the energy conversion 
at ]>3 = 23 800 c m " 1 (see F i g . 1). F o r the frequen-
cy range of T>2 between 14 400 and 18 900 c m " 1 and 
with I0L = 5 x 10 1 0 W / c m 2 and 1^ e* 1 0 - 2 / o i , we find 
10" 1 0 to i O ' V c m " 1 . T h i s estimate shows that 
light generated in the secondary process can 
build up to values found in the p r i m a r y process . 
In summary, we have observed and explained 
broad short-wave radiation under well-defined 
experimental conditions. In our experiments, 
self-phase modulation is negligible and s e l f - f o -
cusing is absent. It is expected-^-and p r e l i m i -
nary experiments confirm—that the same p h y s i -
ca l mechanism contributes to super broadening 
also in other materials under more complex ex-
perimental conditions. 4 
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By measuring the potential around a points source antenna in a high-density magneto-
plasma at a frequency between the electron gyrofrequency and the plasma frequency, we 
have detected an interference between a slow electrostatic wave and the cold plasma field. 
A model of quasicylindrical electrostatic waves connected with the Bernstein mode is 
proposed to explain the results. 
We have measured the potential around a s m a l l 
antenna embedded in a magnetoplasma. A c c o r d -
ing to cold-plasma theory, the potential is m a x i -
mum on a cone with its apex at the source and its 
axis along the magnetic f ield when the frequency 
is either in the range of the upper oblique reso-
nance (o> between the plasma frequency wp, or 
the gyrofrequency CJ c if uc<u>p, and the upper-
hybrid frequency) or in the range of the lower 
oblique resonances (ct><ouc or up if u)c>wp). 
